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Confinement Effects on Carbon 
Dioxide Methanation: A Novel 
Mechanism for Abiotic Methane 
Formation
Thu Le1, Alberto Striolo1, C. Heath Turner2 & David R. Cole3
An important scientific debate focuses on the possibility of abiotic synthesis of hydrocarbons during 
oceanic crust-seawater interactions. While on-site measurements near hydrothermal vents support this 
possibility, laboratory studies have provided data that are in some cases contradictory. At conditions 
relevant for sub-surface environments it has been shown that classic thermodynamics favour the 
production of CO2 from CH4, while abiotic methane synthesis would require the opposite. However, 
confinement effects are known to alter reaction equilibria. This report shows that indeed 
thermodynamic equilibrium can be shifted towards methane production, suggesting that thermal 
hydrocarbon synthesis near hydrothermal vents and deeper in the magma-hydrothermal system is 
possible. We report reactive ensemble Monte Carlo simulations for the CO2 methanation reaction. We 
compare the predicted equilibrium composition in the bulk gaseous phase to that expected in the 
presence of confinement. In the bulk phase we obtain excellent agreement with classic thermodynamic 
expectations. When the reactants can exchange between bulk and a confined phase our results show 
strong dependency of the reaction equilibrium conversions, XCO2, on nanopore size, nanopore 
chemistry, and nanopore morphology. Some physical conditions that could shift significantly the 
equilibrium composition of the reactive system with respect to bulk observations are discussed.
The discovery of submarine hydrothermal vent systems some forty years ago prompted a whole new field of 
exciting multi-disciplinary research, which has reshaped the core hypothesises of the origin of life1, 2. The high 
concentrations of organic compounds, including methane, measured directly at the vents (black smokers) suggest 
the abiotic synthesis of organic molecules, which could have implications for the origin and sustenance of life on 
early Earth3. It is within this context that the possibility of abiotic hydrocarbon production has been extensively 
tested at hydrothermal conditions. As the industrial Fischer-Tropsch process involves hydrocarbons production 
by CO hydrogenation, it has become common to refer to those possible chemical routes to model abiotic organic 
formation from various carbon sources as Fisher-Tropsch type (FTT) reactions3, 4. Within this general FTT for-
malism, aqueous CO2 could be reduced by H2:
+ + → +CO m n H n C H H O[(2 /2 ) ] (1/ ) 2 (1)n m2 2 2
High hydrogen concentrations could result from water-ferrous silicate interactions, known as serpentinization 
processes5, including, e.g., the serpentinization of olivine, the predominant mineral of ultramafic rocks:
+ → + +. .Mg Fe SiO H O Mg Si O OH Fe O H6[( ) ] 7 3[ ( ) ]
(2)
o1 5 5 4
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2 3 2 5 4
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3 4
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2
Serpentinization reactions typically occur at 300–500 °C, and are highly exothermic6, 7 [~660 MJ of thermal 
energy are released when 300 litres of water alter 1 cubic meter of rock via serpentinization7]. In the absence of 
heat dissipation mechanisms, this heat could raise the local rock temperature by ~260 °C7. In addition, as the 
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serpentinization reaction proceeds the abundance of pores of size ~1–10 nm (i.e., nanopores) increases, as shown 
by neutron scattering experiments on samples obtained from the ca. 2 Ma Atlantis Massif oceanic core complex8. 
For completeness, it should be reported that serpentinization reactions can occur below 300 °C in submarine 
vents9, 10, and even below 100 °C in terrestrial ultramafic settings11–13.
There have been a number of recent hydrothermal experimental studies14–17 designed to test the hypothesis 
that CH4 is formed from serpentinization involving olivine reacted with various fluid types (e.g., H2O, H2O plus 
dissolved carbonate, seawater) at temperatures from 200 to 400 °C. In general, only small amounts of methane are 
generated, despite Reaction (1) being strongly favored by thermodynamics at low temperature and high reactant 
concentrations and long reaction times, i.e., 1000–2000 hours6, 14, which indicates large kinetic barriers. This is in 
contrast to select field studies of actively serpentinizing systems that can exhibit highly enriched CH4 in the bulk 
fluids7, 10, 18–20. Samples from the submarine hydrothermal vent systems represent the integrated signal of fluids 
(and gases) derived from a complex fracture and pore network feeding the vents. Reduction of CO2 degassed 
from magmatic reservoirs may be an additional source of carbon added to oceanic crust during the hydrothermal 
alteration process besides the dissolved carbon sourced from circulating seawater21. What remains uncertain is 
the distribution of oxidized and reduced forms of volatile carbon in the vent plumbing system and what role pores 
and micro-fractures play in the reactive-transport processes. To understand whether abiotic synthesis is possible, 
one would need to characterize the fluid composition in the pores, which is not technically achievable at present. 
Thus the goal of the present work, in which we employ reactive ensemble Monte Carlo molecular simulations, is 
to quantify the potential effect of pore confinement on the equilibrium conversion expected for CO2 methanation 
(i.e., conversion to CH4).
Nanopore-Controlled Reactions. Confinement is known to alter thermodynamic and transport prop-
erties of fluids22. For example, we previously documented, using molecular dynamics (MD) simulations, the 
adsorption, structure, and diffusion of water23–25, aqueous electrolytes26, 27, pure hydrocarbons28, and mixtures 
of hydrocarbons and other substances29–32 in slit-shaped pores at various conditions of temperature, pressure 
and surface features. Our results showed, e.g., that preferential adsorption of CO2 to the pore surface can com-
pete with the adsorption of hydrocarbons, lower the activation energy for diffusion, and enhance hydrocarbon 
mobility. Similarly, water can preferentially adsorb on silica-based pore surfaces. Others showed that confinement 
in nanopores can reduce the activation energy of various chemical reactions33, increase the reaction rate34, and 
enhance reaction yields35–38.
Building on prior results, in this communication we explore whether the preferential adsorption of either 
CO2 or H2O on the pore surface can affect the equilibrium conversion of CO2 to CH4. The system we consider is 
meant to represent a nanoporous matrix in contact with a larger micro-fracture. Water, hydrogen, carbon dioxide 
and methane are free to exchange between the nanopores and the micro-fracture and to react within the various 
environments. The micro-fracture is large enough to provide a ‘bulk’ system. In Fig. 1 we present a schematic of 
the hypothetical scenario explored in this work, consistent with the conceptual model of a hydrothermal vent 
discussed by Ingebritsen et al.39. Our hypothesis is supported by recent evidence of the presence of nanoscale pore 
systems developed in serpentinites examined from the Atlantis Massif and the Duluth Complex8. The focus of this 
Figure 1. Schematic for the possible carbon dioxide methanation process considered in this work. Within 
oceanic crust, mantle-derived melt is intruded at shallow depths, heats the ultramafic ocean crust driving 
seawater circulation along natural fractures and microfractures, where serpentinization reactions take place. 
The H2 produced could then come in contact with carbon dioxide derived from deeply circulating seawater or 
the mantle.
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manuscript is to investigate whether it is possible that nanopore or nanofracture confinement shifts the equilib-
rium composition of CO2 methanation reactions. Because of computing-power limitations, only one nanopore 
is simulated explicitly. The molecules can exchange with the bulk (i.e., the microfracture) within our formalism.
While the interest on the effect of confinement on chemical reactions spans multiple disciplines, experimental 
measurements are highly challenging because of the difficulty encountered in directly monitoring fluid behav-
ior in the confined spaces. This is particularly true for high temperature and high pressure conditions relevant 
to magma-hydrothermal systems. Theoretical approaches provide the opportunity to quantitatively probe the 
nanoconfined regime. Methods include variational perturbation theory40, integral equations41–43, and molecu-
lar simulations, which can provide electron- and/or atomistic-level insights. By implementing ab initio44 and 
force-field methods45–47 it is possible to study breaking and formation of chemical bonds. In this study we adopted 
the reaction ensemble Monte Carlo (RxMC) approach48–50, whose underlying concept is that equilibrium chem-
ical conversion depends solely on thermodynamics. The RxMC method has been widely and successfully used 
to investigate bulk-phase reactions49, 51, reactions at high temperature52, 53 and high pressure54, 55, nanoconfined 
reactions35, 37, 56, and even reactions at interfaces36, 57, 58.
Among the family of FTT reactions summarised by Reaction (1), we consider here the methanation of carbon 
dioxide via the Sabatier reaction59, 60. Our technique does not allow us to investigate CO2 methanation that could 
occur microbially by methanogenesis61. The Sabatier reaction is expressed as:
+ ↔ +CO H CH H O4 2 (3)2 2 4 2
The abiotic reduction of carbon dioxide to methane is thermodynamically favourable at low temperature, 
high pressure, and high hydrogen fugacity. The reaction is reversible and highly exothermic (ΔH = −165 kJ/
mol CO2 at 25 °C and 1.01 bar)62. However, the double carbon-oxygen bonds of the stable CO2 molecule induce 
large kinetic barriers that in some cases prevent the reaction from reaching its expected conversion63. The use of 
catalysts is often essential to carry out the reaction, especially at low temperatures.
Park and McFarland proposed the CO2 methanation as a series of reactions64:
+ + ↔ + + ↔ + +CO H H H O CO H H O CH H O3 3 (4)2 2 2 2 2 2 4 2
Gao et al. investigated the equilibrium bulk product fraction of Reaction (4) at 1.01 bar in the T range 200–
800 °C using the Gibbs free energy minimization method65. The results show that from 200 to ~300 °C, little CO 
is present in the system and the conversion to CH4 is ~100%. From ~300 to ~500 °C, the amount of CO remains 
negligible; however, because CO2 methanation is strongly exothermic, the production of CH4 is hindered in this 
T range.
While the majority of existing experimental and/or theoretical studies dedicated to the above reactions for 
industrial uses focus on optimizing the catalysts, we are concerned here only with the equilibrium conversion. 
As such, the choice of catalyst, the transient states and kinetics effects are not considered. For the sake of sim-
plicity, in this work we focus on the direct methanation of CO2 (no CO intermediate), Reaction (3), at moderate 
pressures 10–50 bar in the range of temperatures 200–700 °C. The pressure-temperature conditions chosen for 
the present study provide ideal scenarios for proof-of-principle studies: at low temperatures and high pressures 
the equilibrium conversion of Reaction (3) is expected to favour CH4 production even in bulk systems, hence 
at such conditions confinement is likely to have little effect. Although temperatures 400 °C and above are more 
representative of deeper ocean crustal conditions than of hydrothermal vents, where exit temperatures tend to not 
exceed ∼350 °C, it should be pointed out that the Brandon, the 5 S MAR, and the Piccard field sites show seafloor 
temperatures near 400 °C66–68, and that in other vents higher temperatures are reached before venting (e.g., in the 
Lucky Strike vent)69. The model considered here is consistent with the conceptual model of a hydrothermal vent 
discussed by Ingebritsen et al.39 and Sleep et al.61. As mentioned above, the serpentinization reaction is highly 
exothermic, and could lead to local temperature increases. High temperatures and moderate pressures are chosen 
here because they facilitate the completion of the calculations, compared to moderate temperatures and high 
pressures, which would be more realistic. However, this choice of conditions is not expected to affect the proof of 
principle nature of this work because high temperatures promote desorption of fluids from nanopores, reducing 
the effect of confinement on the results, and because high pressures are expected to shift the equilibrium composi-
tion of Reaction (3) towards the production of CH4. Hence considering pressures at least one order of magnitude 
lower than those expected in realistic scenarios allows us to test more reliably the effect of confinement on the 
equilibrium conversion of Reaction (3).
To test the hypothesis that nanoconfinement impacts the equilibrium conversion of Reaction (3), we selected 
a simple pore chemistry – SiO2. While the SiO2 pore model (dominated by SiO4 tetrahedra) does not exactly 
represent the mineralogy considered in the serpentinization Reaction (2), the cristobalite crystal surface with 
fully protonated non-bridging oxygen atoms can be considered a reasonable proxy for hydrophilic silicate pore 
surfaces70. The silica surfaces used in this work were obtained by cutting the β-cristobalite SiO2 crystal along the 
(1 1 1) crystallographic face.
This study stems from the hypothesis that preferential pore-fluid interactions affect the equilibrium conver-
sion of Reaction (3). To alter pore-fluid interactions one could change the pore width, with smaller pores in gen-
eral attracting fluid molecules more strongly than wider pores. The pore width is set at 2 nm, which is expected to 
strongly attract fluid molecules. Alternatively, pore-fluid interactions can be manipulated by changing the pore 
surface features, e.g., by altering the degree of protonation of the pore surfaces. Some of these manipulations are 
discussed in the Results section (and Supplementary Information). While this manuscript does not explore cat-
alytic effects, it should be noted that some olivines contain Ni, Co or Cr, that could act as catalysts to increase the 
rate of reaction considered here71.
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Results and Discussion
Bulk Phase. Gao et al.65 provide extensive information about the equilibrium constant K and product frac-
tions as functions of temperature, pressure and CO2:H2 input ratio. The results show that, in summary, low T, 
high P and high H2 concentration favour CO2 methanation. To validate our RxMC simulations, we compare 
our simulated results to the data presented by Gao et al. In Supplemental Information we report the equilibrium 
constant reported by Gao et al. and that obtained using our method at P = 1.01 bar and CO2:H2 input ratio 1:4. 
The agreement is excellent. In Supplemental Information we also report the carbon dioxide conversion and mole 
percentage of all compounds as functions of temperature for the system just described, in the bulk phase. Despite 
a few small differences due to the choice of the simulated systems (see Supplementary Information for details, 
Figures S1, S2), our results suggest that the RxMC approach yields the expected conversions when implemented 
in the bulk.
To approximate conditions such as those found in deeper oceanic crust below hydrothermal vent environ-
ments or in subducting slabs of oceanic crust, we apply the RxMC formalism to analyse the equilibrium composi-
tion of the reactive system in the temperature range 350–700 °C at three pressures (10, 30 or 50 bar). While much 
higher pressures should be considered to emulate systems of oceanic crust relevance, our simulations become 
problematic at such conditions because the acceptance probability of attempted Monte Carlo moves decreases. 
However, increasing the pressure is expected to further shift the composition of Reaction (3) towards the forma-
tion of methane, as the number of moles decreases with the formation of products (i.e., 5 moles of reactants (one 
mole of CO2 and 4 moles of H2) yield 3 moles of products (one mole of CH4 and 2 moles of water)). The lower 
temperatures considered here are consistent with those expected in hydrothermal vent plumbing system, and the 
higher ones are expected for the fracture-pore network system associated with the deeper magma-hydrothermal 
system. The results, shown in Fig. 2, confirm that as P increases and T decreases the CH4 mole fraction at equi-
librium increases. These observations are useful for comparing the results obtained when the reaction occurs in a 
nanoconfined system, which are discussed below.
System in the Presence of NanoConfinement. Effects of Temperature and Pressure. We now consider 
our simulated results when Reaction (3) occurs where the bulk phase is at contact with one narrow pore. Bulk 
and pore fluids are in equilibrium with each other, and as such the fluid molecules can exchange between the two 
environments. The reaction can occur in either the bulk phase or within the pore. The choice of system conditions 
has been justified above. The system parameters are a compromise between computational feasibility, realistic 
description of the deeper crustal conditions, and the goal of assessing the effect of confinement on the equilibrium 
transformation of Reaction (3). The simulations are conducted at moderate temperatures (350–700 °C) and pres-
sures (10, 30 or 50 bar). At these conditions the reaction in the bulk is far from completion (i.e., CO2 conversion 
to methane is less than 100%, as shown in Fig. 2) and the fluid species can adsorb in the pore. Under these cir-
cumstances it is expected that confinement can strongly affect the equilibrium conversion. In all simulations, the 
initial CO2:H2 ratio was kept 1:4. These highly reducing compositions are chosen because they provide abundance 
of hydrogen, allowing us to study the effect of confinement on the equilibrium composition. Experimental quan-
tification of the composition of dissolved gases in representative hydrothermal vents suggests that the CO2:H2 
ratio can be as high as 10 or more, but in the case of the Lost City vent the ratio can be lower than 14. Because of 
the proof-of-principle nature of this work, we consider the initial molar ratio at 1:4 in most of the manuscript. Of 
course, increasing the amount of hydrogen shifts the reaction towards the production of methane.
In Fig. 3 we report some characterization data obtained for a system of initial composition of 200 CO2 and 
800 H2 that was allowed to react and reach equilibrium at 650 °C and 50 bar. In panel (a) we represent a sample 
snapshot for the slit-pore containing 6 CO2, 10 H2, 84 CH4 and 216 H2O molecules within the pore volume in 
equilibrium with a bulk phase (panel c) containing 12 CO2, 62 H2, 98 CH4 and 103 H2O molecules at 650 °C and 
50 bar. The bulk region is a cubic box whose size can change. A typical volume at the end of a simulation run is 
of size 9.4 × 9.4 × 9.4 nm3, simulated within periodic boundary conditions in the 3 directions. We discuss below 
how the equilibrium composition of the system can depend on the relative amount of pore versus bulk volume.
Figure 2. Simulated composition for the CO2 methanation reaction in the bulk phase at (a) 10 bar, (b) 30 bar, 
and (c) 50 bar. In all cases the initial CO2:H2 mole ratio was 1:4. In all figures, symbols are larger than statistical 
uncertainty.
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Panel (b) of Fig. 3 reproduces the atomic density profiles of molecular center of mass (COMs) as a function of 
the distance Z perpendicular to the pore surface for the system depicted in panel (a). The reference Z = 0 is the 
centre of the pore. Statistically, only negligible amounts of CO2 and H2 adsorb into the pore. In the density profiles 
obtained for methane and water two distinct peaks are observed, symmetric with respect to the pore centre, and 
near the pore surfaces. The positions of the water peaks are closer to the pore walls, in comparison to the methane 
peaks. This confirms that water is strongly adsorbed on the pore surfaces, because of its capability to form hydro-
gen bonds with the hydroxyl groups on the pore walls. Although CO2 can also form hydrogen bonds with the 
surface –OH groups72, 73, there is too little H2 and CO2 available in the pore at reaction equilibrium, in comparison 
to methane and water, to observe significant peaks. Panel (d) of Fig. 3 shows the COM-COM radial distribution 
functions (RDFs) of the substances in the bulk phase. Only one distinct peak is observed in each RDF, indicating 
well-mixed gaseous structures. Note that both simulation snapshots confirm that the various components yield 
a well-mixed single-phase system, probably consistent with the supercritical conditions expected in sub-surface 
systems.
Figure 4 shows the mole fractions for each component at equilibrium. We differentiate the overall mole frac-
tion (middle panels), from the mole fraction in the bulk (left panels) and in the pore (right panels). The overall 
data are obtained by considering both the fluids in the bulk and those in the pore, i.e., by counting the molecules 
of H2O, CH4, H2 and CO2 in the two boxes at equilibrium. From top to bottom, the results are obtained with 
increasing pressure.
Results from Fig. 4 clearly show the pronounced effect of confinement on the reaction yield (bulk system 
adjacent to nanoporous matrix). While the bulk composition and the system total composition (left and middle 
panels) have somewhat similar trends with the reaction yields observed for the pure bulk systems discussed above 
(i.e., see Fig. 2), the pore composition is distinctively different, with water as the dominant substance in all cases. 
In the confined phase, only negligible amounts of CO2 and H2 are detectable, while CH4 can be adsorbed in a 
substantial amount. The behavior observed for the various fluid molecules is different due to a combination of 
effects, including the overall composition of the system, the preferential adsorption of water on the pore surfaces 
considered here, where water can form hydrogen bonds more readily than CO2, and to confinement-specific 
effects, which in some cases can strongly affect the solubility of methane in water30.
From the equilibrium mole fractions, we can calculate the shifts in the equilibrium composition of the system 
due to the effect of confinement on the equilibrium conversion as a function of T and P. Shifts in conversion can 
be assessed via concentration quotients, KC, computed by considering the composition of the whole system (i.e., 
middle panels in Fig. 4). Explicitly:
Figure 3. (a) Snapshot representing a simulation box containing the 2 nm silica pore at 650 °C and 50 bar. The 
solid silica slabs are continuous along X and Y directions. Cyan spheres are either CH4 or C in carbon dioxide, 
red is O, white is either H or H2, and yellow is Si. (b) Density profiles of CO2, H2, CH4 and H2O adsorbed within 
the pore. (c) Snapshot of the cubic bulk simulation box. (d) Radial distribution functions between the centres of 
mass −g r( )COM COM  for the fluids in the bulk phase.
www.nature.com/scientificreports/
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where xi is the mole fraction of component i. Since the relative amount of confined vs. bulk phases is expected 
to affect the overall composition, in Fig. 5 we present KC separately for pure bulk phase and confined phase as 
obtained using the mole fraction values shown from Fig. 2 and from the right panels of Fig. 4, respectively. It can 
Figure 4. Simulated product fraction of CO2 methanation for the bulk phase (left panels) and pore phase (right 
panels) in equilibrium with each other at T and P. The middle panels show the total molecular fraction.
Figure 5. Predicted shift in concentration quotients KC for pure bulk versus confined phases at P = 10, 30 and 
50 bar.
www.nature.com/scientificreports/
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be seen that the effect of temperature on the composition at equilibrium is much stronger than that of pressure 
for the range of T and P considered. Because the composition of the confined system is significantly different 
compared to the bulk at all pressures and temperatures considered, our results indicate that the KC values cal-
culated from the fluid composition in the pore can be very different than those obtained in the bulk. These 
observations are due to the fact that the presence of the silica pores effectively reduces the mole fraction of water, 
a reaction product, from the bulk phase. As a consequence, the equilibrium of Reaction (3) in the bulk phase is 
shifted further to the right, yielding a final CO2 conversion of the 2-phase system higher than that of the single 
bulk phase system. As shown in Fig. 3, water is preferentially adsorbed within the pores considered in this study. 
The driving forces responsible for this effect are discussed below (Fig. 6 and Supplementary Information). These 
results strengthen the arguments discussed by McDermott et al. regarding possible pathways for abiotic organic 
synthesis at submarine hydrothermal fields10. The results in Fig. 5 also suggest that increasing P as a modest, yet 
visible effect in increasing KC for the confined system. This is likely because as P increases more water adsorbs 
within the pores considered here.
We note that the overall conversion of the chemical reaction can be shifted by changing the amount of pore 
volume in the host matrix with respect to the bulk volume, as controlling this ratio while maintaining pore width 
and pore chemistry allows manipulating the amount of water present in the bulk phase. For example, if the pore 
X and Y dimension increases while the bulk volume remains constant, more water would adsorb in the pore, 
lowering the water mole fraction in the bulk phase and shifting the equilibrium further towards CH4 production.
Effects of Pore Size, Pore Chemistry and Surface Roughness. In natural systems, pore and fracture networks can 
exhibit a wide range of pore size (or aperture width), pore volume and the pore surfaces may be highly hetero-
geneous, both in chemical composition and morphological structure. In general, there are more small fractures 
compared to large ones and pore and fracture networks show fractal relationships74. In this section, the effects of 
the pore size, pore chemistry and surface roughness on overall system equilibrium are quantified, as they are all 
expected to determine the preferential adsorption of water.
Figure 6 (panel a) compares KC in confinement for simulations such as those discussed in Fig. 4 when the 
slit-shaped silica pore width is reduced from 2 nm to 1 nm. The reduction of the pore width results in two impor-
tant outcomes. While the density of confined water increases (see Supplementary Information, S3) the pore vol-
ume is reduced by a factor of ~2. Recall that in our RxMC simulations the pore volume remains constant, while 
the bulk volume fluctuates to maintain the bulk pressure constant. Because the total amount of adsorbed water in 
the narrower pore is less than that in the 2 nm pore at higher T (~500–700 °C), the corresponding XCO2-1nm is lower 
than XCO2-2nm (panel a) in this range. At 300 and 500 °C the opposite is observed. Because the amount of water 
adsorbed in the pores considered here depends on many factors, including temperature, pressure, pore width, 
and, as described below, pore chemistry, the effects of these parameters on the equilibrium composition strongly 
depend on the system conditions. For example, as shown in Fig. 6, panel a, KC obtained for the conditions chosen 
Figure 6. (a) Confined KC when the reaction occurs for a system in contact with slit-shape silica pores of 
width 1 nm versus 2 nm. (b) Overall carbon dioxide conversion for the silica substrates with different degrees of 
protonation. The fully protonated silica pore surface is denoted as “100p”; surfaces obtained by removing ~50% 
and 100% of the H atoms form the surface –OH groups are denoted as “50p” and “0p”, respectively. Dotted, 
dashed and continuous lines in panel (b) are for results obtained at 10, 30, and 50 bar, respectively.
www.nature.com/scientificreports/
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here can be orders of magnitude larger when the pore is 1 nm rather than 2 nm, at low P and T, but it becomes 
similar at high P and high T.
The effect of pore wall chemistry was quantified by varying the ‘hydrophilicity’ of the pore surface from 100% 
hydrated, to 50% and then to 0% (S4 in the Supplementary Information). While prior simulations were conducted 
using molecular dynamics26, our Monte Carlo approach yields consistent results, as shown in S4, wherein the 
number of water molecules adsorbed in the various pores increases with decreasing concentration of H surface 
atoms. In panel (b) of Fig. 6 we show the effect of water adsorption on CO2 conversion, which is quite pro-
nounced. It should be pointed out that depending on the system pH the protonation state of the non-bridging 
oxygen atoms varies, with a strong effect on the conversion for the methanation reaction of CO2, as quantified 
by our calculations. In a variation on this theme, we decreased the pore hydrophilicity by covering the silica sur-
face with a model carbon-based material – i.e., methane (see Supplementary Information S5–7). As the number 
of such carbon-based model molecules placed on the pore surface increases, the number of water molecules 
adsorbed decreases, hence reducing the reaction yield.
Finally, we explored the effect of the pore surface morphology/roughness by inserting two step-edges along 
the Y-direction31 (hence creating a structured pore). The step edges are chosen as examples of small defects on 
the pore surface. They are expected to render the pore surfaces more hydrophilic because more hydrogen bonds 
should be possible with water molecules. Our simulations confirm this expectation. A sample snapshot of the 
pore is shown in Supplementary Information, Figure S8. It can be seen that water out competes CO2 and accu-
mulates near the surface edges (see Supplementary Information). When we compare the amount of water mol-
ecules adsorbed in the pores where the line defects are present against those with pristine surfaces (Figure S9), 
we observe that the defective pores adsorb more water, especially at low pressures. This is expected to affect the 
extent of the reaction. Results in terms of % CO2 converted (Figure S9) indeed show a slight increase in the pore 
whose surfaces contain step-edge defects. Although the differences in % CO2 converted may not be statistically 
significant, it should be remembered that step edges are just small defects. It is possible that larger effects would be 
obtained when more realistic, rougher surfaces are considered. Such analysis is beyond the scopes of the present 
work.
Conclusions
In summary, reactive ensemble Monte Carlo simulations were conducted for the methanation reaction in either 
the bulk phase or for the bulk phase in equilibrium with a silica nanopore (a fracture-nanopore network system). 
In agreement with prior reports, the results in the bulk phase show that high pressures and low temperatures 
favour the production of methane from CO2. The situation can be affected by the preferential adsorption of flu-
ids in nanopores. To explicitly consider the effect of confinement, we generated slit-shaped pores carved out of 
silica, constructed from β–cristobalite crystals. Indeed, preferential adsorption of the fluids in the narrow pores 
can affect the equilibrium composition. In agreement with Le Chatelier’s principle, when water, one product, is 
preferentially adsorbed, “the position of equilibrium moves to partially reverse the change”, yielding more water, 
and consequently more methane, thus enhancing the overall reaction conversion. The effects of pore size, pore 
chemistry and pore morphology were investigated. All conditions that enhance water adsorption (i.e., increasing 
pore hydrophilicity or roughness) result in an enhancement of reaction yield.
Our study could shed light on the possibility of thermal conversion of CO2 to hydrocarbons within hydro-
thermal vent systems. Should the Sabatier reaction occur in these environments, it would take place within the 
oceanic crust perhaps influenced by strong confinement effects. Confinement can shift the equilibrium compo-
sition towards facilitating methane formation at conditions that should not be strongly kinetically limited (i.e., 
moderately high temperature and low pressure). These results support the possible existence of realistic pathways 
for the abiotic organic synthesis discussed by, e.g., McDermott and coworkers10.
Methods
Reactive Ensemble Monte Carlo. Turner et al.37, 38 reported the details concerning the RxMC approach 
combined with the Gibbs ensemble MC algorithm (GEMC). The RxMC approach is designed to determine the 
equilibrium conditions (by minimizing Gibbs energy at constant temperature and pressure), regardless of the 
reaction rate and mechanism. To implement the method it is necessary to quantify the probabilities of the for-
ward, Pf, and reverse, Pr, reactions, which, for Reaction (3), are:
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In equations (6) and (7) qi is the partition function of specie i; ∆Uf  and ∆Ur are changes in the system configura-
tional energy for the forward and reverse reactions, respectively; N is the number of molecules and β = 1/(kBT) 
where kB is the Boltzmann constant.
Our simulations contain the following trial moves:
 (1) Particle displacement/rotation step.
 (2) Forward reaction step:
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 a. Delete one CO2 and four H2 molecules randomly;
 b. Insert one CH4 and two H2O molecules with random orientation;
 c. Accept the move with probability Pf .
 (3) Reverse reaction step:
 a. Delete one CH4 and two H2O molecules randomly;
 b. Insert one CO2 and four H2 molecules with random orientation;
 c. Accept the move with probability Pr.
 (4) Phase exchange step for a random particle with probability Pt.
 (5) Change in bulk volume with probability Pv.
It is crucial that steps (2) and (3) are chosen with equal probability to maintain microscopic reversibility. Steps 
(1), (2), (3) and (4) are selected 50, 20, 20, and 10% of the time, respectively, following prior implementations37.
For all simulations, an initial composition of 1000 CO2 and H2 molecules was used, with a molar ratio 1:4. 
While this molar ratio is chosen to better visualise the effect of confinement on the equilibrium of Reaction (3), it 
should be noted that analytical data from representative hydrothermal vents suggest that the CO2:H2 molar ratio 
in those environments can be as high as 10 or more, but in a few cases the ratio can be lower than 14. All systems 
were allowed to equilibrate for 1 × 106 moves and the averages were analyzed for 2 × 106 moves. Reaction equilib-
rium was satisfied by the following criteria:
∑ µ =
=
v 0
(8)i
s
i i
1
where vi and µi denote the stoichiometric coefficient and chemical potential of species i for the mixture of S com-
ponents, respectively, as calculated during the RxMC algorithm.
Molecular Models. Hydrogen and methane molecules were treated as monoatomic spheres, while each water 
and carbon dioxide molecule had three Lennard-Jones (LJ) sites and three charge sites. Water was simulated using 
the SPC/E model75 while CO2 and CH4 were simulated using the TraPPE-UA force field76. LJ interaction param-
eters for H2 were taken from Huber and Herzberg77. Dispersive and electrostatic interactions were modelled with 
the 12–6 LJ and Coulombic potentials, respectively. LJ parameters (ε and σ) for non-like components obtained 
using Lorentz-Berthelot mixing rules [εij = (εiεj)1/2, σij = (σi + σj)/2]78. The cut off distance for both LJ and elec-
trostatic interactions was set at 1.4 nm, following TraPPE-UA prescriptions76. Long-range corrections include (1) 
tail correction method for LJ potential and pressure calculation and (2) Onsager reaction field method for electro-
static interactions. All molecular models are simplifications. The TraPPE force fields were parameterised to repro-
duce vapor-liquid equilibria experimental data. The SPC/E model for water was introduced to improve the ability 
of the single point charge model (SPC) to reproduce the structure of liquid water. This was achieved by increasing 
the dipole moment of the individual water molecule, with the result that the predicted saturation pressure is much 
lower than experimental observations, and that water-water interactions in the vapour phase are much more 
attractive for the SPC/E model than they are in reality. Given the high temperature of the systems considered here, 
this limitation is not expected to affect the results presented. None of the models used here allows us to describe 
molecular dissociations, nor associations. We are implementing reactive force fields for such analysis. The results 
presented are dependent on the ability of the models to describe the preferential adsorption of the various fluids 
in the pores, and also on the interactions between molecules of different fluids. Based on prior observations, we 
expect that the models implemented here describe water-silica interactions rather accurately.
Vibrational frequencies and rotational constants were obtained from the literature79–81. The dissociation 
energy D0, used to calculate the partition function qi from its ground-state value, can be determined from the heat 
of formation at 0 K. For a specific molecule, the molecular D0 equals the sum of ΔfH0 from all its individual atoms, 
subtracting ΔfH0 of the molecule itself.
Silica Slit-Shaped Pore Model. A detailed description of the solid morphology used to model the solid 
substrate is provided elsewhere25, 28. The CLAYFF force field is used to describe the solid substrate, as discussed 
elsewhere81. The solid substrates are maintained rigid during these simulations. Because of periodic boundary 
conditions, the systems considered are composed by silica slabs that are infinitely long along the X and Y direc-
tions, and separated along the Z direction by the slit-shaped pore. In our model the solid substrate bears no net 
charge, and all the non-bridging O atoms at the pore surface are fully protonated, yielding a density of surface 
–OH groups equal to 13.6 OH/nm2.
Data Availability Statement. The authors declare that all data supporting the findings of this study (either 
calculated or cited from external sources) are available within the article and its supplementary information files.
References
 1. Holm, N. G. Marine hydrothermal systems and the origin of life: report of SCOR Working Group 91., (Kluwer, 1992).
 2. Brack, A. The Molecular Origins of Life: Assembling Pieces of the Puzzle. (Cambridge University Press, 1998).
 3. Martin, W., Baross, J., Kelley, D. & Russell, M. J. Hydrothermal vents and the origin of life. Nat Rev Microbiol 6, 805–814, doi:10.1038/
nrmicro1991 (2008).
 4. McCollom, T. M. & Seewald, J. S. Abiotic synthesis of organic compounds in deep-sea hydrothermal environments. Chem Rev 107, 
382–401, doi:10.1021/cr0503660 (2007).
www.nature.com/scientificreports/
1 0Scientific RepoRts | 7: 9021  | DOI:10.1038/s41598-017-09445-1
 5. Proskurowski, G. et al. Abiogenic hydrocarbon production at Lost City hydrothermal field. Science 319, 604–607, doi:10.1126/
science.1151194 (2008).
 6. Muntener, O. Serpentine and serpentinization: A link between planet formation and life. Geology 38, 959–960, doi:10.1130/
focus102010.1 (2010).
 7. Früh-Green, G. The The Lost City 2005 Expedition, http://oceanexplorer.noaa.gov/explorations/05lostcity/background/serp/
serpentinization.html.
 8. Tutolo, B. M., Mildner, D. F. R., Gagnon, C. V. L., Saar, M. O. & Seyfried, W. E. Nanoscale constraints on porosity generation and 
fluid flow during serpentinization. Geology 44, 103–106, doi:10.1130/G37349.1 (2016).
 9. Reeves, E. P., Seewald, J. S. & Sylva, S. P. Hydrogen isotope exchange between n-alkanes and water under hydrothermal conditions. 
Geochim Cosmochim Ac 77, 582–599, doi:10.1016/j.gca.2011.10.008 (2012).
 10. McDermott, J. M., Seewald, J. S., German, C. R. & Sylva, S. P. Pathways for abiotic organic synthesis at submarine hydrothermal 
fields. P Natl Acad Sci USA 112, 7668–7672, doi:10.1073/pnas.1506295112 (2015).
 11. Etiope, G., Schoell, M. & Hosgormez, H. Abiotic methane flux from the Chimaera seep and Tekirova ophiolites (Turkey): 
Understanding gas exhalation from low temperature serpentinization and implications for Mars. Earth Planet Sc Lett 310, 96–104, 
doi:10.1016/j.epsl.2011.08.001 (2011).
 12. Etiope, G. et al. Methane flux and origin in the Othrys ophiolite hyperalkaline springs, Greece. Chem Geol 347, 161–174, 
doi:10.1016/j.chemgeo.2013.04.003 (2013).
 13. Suda, K. et al. Origin of methane in serpentinite-hosted hydrothermal systems: The CH4-H-2-H2O hydrogen isotope systematics of 
the Hakuba Happo hot spring. Earth Planet Sc Lett 386, 112–125, doi:10.1016/j.epsl.2013.11.001 (2014).
 14. Berndt, M. E., Allen, D. E. & Seyfried, W. E. Reduction of CO2 during serpentinization of olivine at 300 degrees C and 500 bar. 
Geology 24, 351–354, doi:10.1130/0091-7613 (1996).
 15. McCollom, T. M. & Seewald, J. S. A reassessment of the potential for reduction of dissolved CO2 to hydrocarbons during 
serpentinization of olivine. Geochim Cosmochim Ac 65, 3769–3778, doi:10.1016/S0016-7037(01)00655-X (2001).
 16. McCollom, T. M. Abiotic methane formation during experimental serpentinization of olivine. P Natl Acad Sci USA 113, 
13965–13970, doi:10.1073/pnas.1611843113 (2016).
 17. Foustoukos, D. I. & Seyfried, W. E. Hydrocarbons in hydrothermal vent fluids: The role of chromium-bearing catalysts. Science 304, 
1002–1005, doi:10.1126/science.1096033 (2004).
 18. Douville, E. et al. The rainbow vent fluids (36 degrees 14’N, MAR): the influence of ultramafic rocks and phase separation on trace 
metal content in Mid-Atlantic Ridge hydrothermal fluids. Chem Geol 184, 37–48, 10.1016/S0009-2541(01)00351-5 (2002).
 19. Schmidt, K., Koschinsky, A., Garbe-Schonberg, D., de Carvalho, L. M. & Seifert, R. Geochemistry of hydrothermal fluids from the 
ultramafic-hosted Logatchev hydrothermal field, 15 degrees N on the Mid-Atlantic Ridge: Temporal and spatial investigation. Chem 
Geol 242, 1–21, doi:10.1016/j.chemgeo.2007.01.023 (2007).
 20. Charlou, J. L. et al. Compared geochemical signatures and the evolution of Menez Gwen (37 degrees 50’N) and Lucky Strike (37 
degrees 17 ‘N) hydrothermal fluids, south of the Azores Triple Junction on the Mid-Atlantic Ridge. Chem Geol 171, 49–75, 
doi:10.1016/S0009-2541(00)00244-8 (2000).
 21. Shilobreeva, S., Martinez, I., Busigny, V., Agrinier, P. & Laverne, C. Insights into C and H storage in the altered oceanic crust: Results 
from ODP/IODP Hole 1256D. Geochim Cosmochim Ac 75, 2237–2255, doi:10.1016/j.gca.2010.11.027 (2011).
 22. Cole, D. R., Ok, S., Striolo, A. & Anh, P. Hydrocarbon Behavior at Nanoscale Interfaces. Rev Mineral Geochem 75, 495–545, 
doi:10.2138/rmg.2013.75.16 (2013).
 23. Argyris, D., Ho, T. A., Cole, D. R. & Striolo, A. Molecular Dynamics Studies of Interfacial Water at the Alumina Surface. J Phys Chem 
C 115, 2038–2046, doi:10.1021/jp109244c (2011).
 24. Phan, A., Ho, T. A., Cole, D. R. & Striolo, A. Molecular Structure and Dynamics in Thin Water Films at Metal Oxide Surfaces: 
Magnesium, Aluminum, and Silicon Oxide Surfaces. J Phys Chem C 116, 15962–15973, doi:10.1021/jp300679v (2012).
 25. Ho, T. A. et al. Interfacial water on crystalline silica: a comparative molecular dynamics simulation study. Mol Simulat 37, 172–195, 
doi:10.1080/08927022.2010.513008 (2011).
 26. Ho, T. A., Argyris, D. & Cole, D. R. & Striolo, A. Aqueous NaCl and CsCl Solutions Confined in Crystalline Slit-Shaped Silica 
Nanopores of Varying Degree of Protonation. Langmuir 28, 1256–1266, doi:10.1021/la2036086 (2012).
 27. Kalluri, R. K., Ho, T. A., Biener, J., Biener, M. M. & Striolo, A. Partition and Structure of Aqueous NaCl and CaCl2 Electrolytes in 
Carbon-Slit Electrodes. J Phys Chem C 117, 13609–13619, doi:10.1021/jp4002127 (2013).
 28. Le, T., Striolo, A. & Cole, D. R. Propane simulated in silica pores: Adsorption isotherms, molecular structure, and mobility. Chem 
Eng Sci 121, 292–299, doi:10.1010/j.ces.2014.08.022 (2015).
 29. Ho, T. A. & Striolo, A. Water and methane in shale rocks: Flow pattern effects on fluid transport and pore structure. Aiche J 61, 
2993–2999, doi:10.1002/aic.14869 (2015).
 30. Phan, A., Cole, D. R. & Striolo, A. Factors governing the behaviour of aqueous methane in narrow pores. Philos T R Soc A 374, 
doi:Artn 2015001910.1098/Rsta.2015.0019 (2016).
 31. Le, T., Ogbe, S., Striolo, A. & Cole, D. R. N-octane diffusivity enhancement via carbon dioxide in silica slit-shaped nanopores - a 
molecular dynamics simulation. Mol Simulat 42, 745–752, doi:10.1080/08927022.2015.1089991 (2016).
 32. Le, T., Striolo, A. & Cole, D. R. CO2-C4H10 Mixtures Simulated in Silica Slit Pores: Relation between Structure and Dynamics. J 
Phys Chem C 119, 15274–15284, doi:10.1021/acs.jpcc.5b03160 (2015).
 33. Santiso, E. E., George, A. M., Sliwinska-Bartkowiak, M. & Nardelli, M. B. Effect of confinement on chemical reactions. Adsorption 
11, 349–354, doi:10.1007/s10450-005-5949-9 (2005).
 34. Turner, C. H., Brennan, J. K., Johnson, J. K. & Gubbins, K. E. Effect of confinement by porous materials on chemical reaction 
kinetics. J Chem Phys 116, 2138–2148, doi:10.1063/1.1431590 (2002).
 35. Turner, C. H., Johnson, J. K. & Gubbins, K. E. Effect of confinement on chemical reaction equilibria: The reactions 2NO <−>(NO)
(2) and N-2+3H(2)<−> 2NH(3) in carbon micropores. J Chem Phys 114, 1851–1859, doi:10.1063/1.1328756 (2001).
 36. Turner, C. H. & Gubbins, K. E. Effects of supercritical clustering and selective confinement on reaction equilibrium: A molecular 
simulation study of the esterification reaction. J Chem Phys 119, 6057–6067, doi:10.1063/1.1602691 (2003).
 37. Turner, C. H., Pikunic, J. & Gubbins, K. E. Influence of chemical and physical surface heterogeneity on chemical reaction equilibria 
in carbon micropores. Mol Phys 99, 1991–2001 (2001).
 38. Turner, C. H. et al. Simulation of chemical reaction equilibria by the reaction ensemble Monte Carlo method: a review. Mol Simulat 
34, 119–146, doi:10.1080/08927020801986564 (2008).
 39. Ingebritsen, S. E., Geiger, S., Hurwitz, S. & Driesner, T. Numerical Simulation of Magmatic Hydrothermal Systems. Rev Geophys 48, 
doi:10.1029/2009rg000287 (2010).
 40. Ross, M. High-Density Fluid-Perturbation Theory Based on an Inverse 12th-Power Hard-Sphere Reference System. J Chem Phys 71, 
1567–1571, doi:10.1063/1.438501 (1979).
 41. Cummings, P. T. & Stell, G. Statistical Mechanical Models of Chemical-Reactions Analytic Solution of Models of a + B Reversible Ab 
in the Percus-Yevick Approximation. Mol Phys 51, 253–287, doi:10.1080/00268978400100191 (1984).
 42. Cummings, P. T. & Stell, G. Statistical Mechanical Models of Chemical-Reactions. 2. Analytic Solution of the Percus-Yevick 
Approximation for a Model of Homogeneous Association. Mol Phys 55, 33–48, doi:10.1080/00268978500101141 (1985).
 43. Cummings, P. T. & Stell, G. Statistical Mechanical Models of Chemical-Reactions. 3. Solvent Effects. Mol Phys 60, 1315–1342, 
doi:10.1080/00268978700100861 (1987).
www.nature.com/scientificreports/
1 1Scientific RepoRts | 7: 9021  | DOI:10.1038/s41598-017-09445-1
 44. Santiso, E. E. & Gubbins, K. E. Multi-scale molecular modeling of chemical reactivity. Mol Simulat 30, 699–748, doi:10.1080/08927
020412331294878 (2004).
 45. Brenner, D. W. Empirical Potential for Hydrocarbons for Use in Simulating the Chemical Vapor-Deposition of Diamond Films. Phys 
Rev B 42, 9458–9471, doi:10.1103/PhysRevB.42.9458 (1990).
 46. Elert, M. L., Zybin, S. V. & White, C. T. Molecular dynamics study of shock-induced chemistry in small condensed-phase 
hydrocarbons. J Chem Phys 118, 9795–9801, doi:10.1063/1.1571051 (2003).
 47. van Duin, A. C. T., Dasgupta, S., Lorant, F. & Goddard, W. A. ReaxFF: A reactive force field for hydrocarbons. J Phys Chem A 105, 
9396–9409, doi:10.1021/jp004368u (2001).
 48. Johnson, J. K., Panagiotopoulos, A. Z. & Gubbins, K. E. Reactive Canonical Monte-Carlo - a New Simulation Technique for Reacting 
or Associating Fluids. Mol Phys 81, 717–733, doi:10.1080/00268979400100481 (1994).
 49. Smith, W. R. & Triska, B. The Reaction Ensemble Method for the Computer-Simulation of Chemical and Phase-Equilibria. 1. Theory 
and Basic Examples. J Chem Phys 100, 3019–3027, doi:10.1063/1.466443 (1994).
 50. Johnson, J. K. Reactive canonical Monte Carlo. Monte Carlo Methods in Chemical Physics 105, 461–481, doi:10.1002/9780470141649.
Ch15 (1999).
 51. Shaw, M. S. Monte-Carlo Simulation of Equilibrium Chemical-Composition of Molecular Fluid Mixtures in the Natoms Pt 
Ensemble. J Chem Phys 94, 7550–7553, doi:10.1063/1.460188 (1991).
 52. Lisal, M., Smith, W. R. & Nezbeda, I. Computer simulation of the thermodynamic properties of high-temperature chemically-
reacting plasmas. J Chem Phys 113, 4885–4895 (2000).
 53. Lisal, M., Smith, W. R., Bures, M., Vacek, V. & Navratil, J. REMC computer simulations of the thermodynamic properties of argon 
and air plasmas. Mol Phys 100, 2487–2497, doi:10.1080/00268970210130227 (2002).
 54. Brennan, J. K. & Rice, B. M. Molecular simulation of shocked materials using the reactive Monte Carlo method. Phys Rev E 66, 
doi:10.1103/Physreve.66.021105 (2002).
 55. Bezkrovniy, V., Schlanges, M., Kremp, D. & Kraeft, W. D. Reaction ensemble Monte Carlo technique and hypernetted chain 
approximation study of dense hydrogen. Phys Rev E 69, doi:10.1103/Physreve.69.061204 (2004).
 56. Borowko, M. & Zagorski, R. Chemical equilibria in slitlike pores. J Chem Phys 114, 5397–5403 (2001).
 57. Cheung, J. K., Shen, V. K., Errington, J. R. & Truskett, T. M. Coarse-grained strategy for modeling protein stability in concentrated 
solutions. III: Directional protein interactions. Biophys J 92, 4316–4324, doi:10.1529/biophysj.106.099058 (2007).
 58. Turner, C. H. Monte Carlo simulation of equilibrium reactions at modified vapor-liquid interfaces. Langmuir 23, 2525–2530, 
doi:10.1021/la062979t (2007).
 59. Fujita, S., Terunuma, H., Kobayashi, H. & Takezawa, N. Methanation of Carbon-Monoxide and Carbon-Dioxide over Nickel-
Catalyst under the Transient State. React Kinet Catal L 33, 179–184, doi:10.1007/Bf02066720 (1987).
 60. Schild, C., Wokaun, A. & Baiker, A. On the Mechanism of Co and Co2 Hydrogenation Reactions on Zirconia-Supported Catalysts 
- a Diffuse Reflectance Ftir Study. 2. Surface Species on Copper Zirconia Catalysts - Implications for Methanol Synthesis Selectivity. 
J Mol Catal 63, 243–254, doi:10.1016/0304-5102(90)85147-A (1990).
 61. Sleep, N. H., Bird, D. K. & Pope, E. C. Serpentinite and the dawn of life. Philos T R Soc B 366, 2857–2869, doi:10.1098/rstb.2011.0129 (2011).
 62. Jacquemin, M., Beuls, A. & Ruiz, P. Catalytic production of methane from CO2 and H2 at low temperature Insight on the reaction 
mechanism. Catal Today 157, 462–466, doi:10.1016/j.cattod.2010.06.016 (2010).
 63. Thampi, K. R., Kiwi, J. & Gratzel, M. Methanation and Photo-Methanation of Carbon-Dioxide at Room-Temperature and 
Atmospheric-Pressure. Nature 327, 506–508, doi:10.1038/327506a0 (1987).
 64. Park, J. N. & McFarland, E. W. A highly dispersed Pd-Mg/SiO2 catalyst active for methanation of CO2. J Catal 266, 92–97, 
doi:10.1016/j.jcat.2009.05.018 (2009).
 65. Gao, J. J. et al. A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas. Rsc 
Adv 2, 2358–2368, doi:10.1039/c2ra00632d (2012).
 66. Von Damm, K. L. et al. Extraordinary phase separation and segregation in vent fluids from the southern East Pacific Rise. Earth 
Planet Sc Lett 206, 365–378, doi:10.1016/S0012-821x(02)01081-6 (2003).
 67. Kinsey, J. C. & German, C. R. Sustained volcanically-hosted venting at ultraslow ridges: Piccard Hydrothermal Field, Mid-Cayman 
Rise. Earth Planet Sc Lett 380, 162–168, doi:10.1016/j.epsl.2013.08.001 (2013).
 68. Koschinsky, A. et al. Hydrothermal venting at pressure-temperature conditions above the critical point of seawater, 5 degrees S on 
the Mid-Atlantic Ridge. Geology 36, 615–618, doi:10.1130/G24726a.1 (2008).
 69. Pester, N. J. et al. Subseafloor phase equilibria in high-temperature hydrothermal fluids of the Lucky Strike Seamount (Mid-Atlantic 
Ridge, 37 degrees 17’N). Geochim Cosmochim Ac 90, 303–322, doi:10.1016/j.gca.2012.05.018 (2012).
 70. Rother, G. et al. Pore Size Effects on the Sorption of Supercritical CO2 in Mesoporous CPG-10 Silica. J Phys Chem C 116, 917–922, 
doi:10.1021/jp209341q (2012).
 71. Foley, S. F., Prelevic, D., Rehfeldt, T. & Jacob, D. E. Minor and trace elements in olivines as probes into early igneous and mantle 
melting processes. Earth Planet Sc Lett 363, 181–191, doi:10.1016/j.epsl.2012.11.025 (2013).
 72. Arunan, E. et al. Definition of the hydrogen bond (IUPAC Recommendations 2011). Pure Appl Chem 83, 1637–1641, doi:10.1351/
Pac-Rec-10-01-02 (2011).
 73. Sato, H., Matubayasi, N., Nakahara, M. & Hirata, F. Which carbon oxide is more soluble? Ab initio study on carbon monoxide and 
dioxide in aqueous solution. Chemical Physics Letters 323, 257–262, doi:10.1016/S0009-2614(00)00508-X (2000).
 74. Hanano, M. Two Roles of Fractures in Geothermal Development Contribution to Occurrence of Geothermal Resources and Well 
Production. JOURNAL OF THE GEOTHERMAL RESEARCH SOCIETY OF JAPAN 22, 107–116, doi:10.11367/grsj1979.22.107 (2000).
 75. Berendsen, H. J. C., Grigera, J. R. & Straatsma, T. P. The Missing Term in Effective Pair Potentials. J Phys Chem-Us 91, 6269–6271, 
doi:10.1021/J100308a038 (1987).
 76. Martin, M. G. & Siepmann, J. I. Transferable potentials for phase equilibria. 1. United-atom description of n-alkanes. J Phys Chem B 
102, 2569–2577, doi:10.1021/Jp972543+ (1998).
 77. Huber, K. P. & Herzberg, G. Molecular Spectra and Molecular Structure IV. Constants of Diatomic Molecules. (Van Nostrand, 1979).
 78. Allen, M. P. & Tildesley, D. J. Computer simulation of liquids. (Clarendon Pr., 2004).
 79. Herzberg, G. Electronic spectra and electronic structure of polyatomic molecules. (Van Nostrand, 1966).
 80. Lucia, F. C. D., Helminger, P. & Kirchhoff, W. H. Microwave Spectra of Molecules of Astrophysical Interest, V. Water Vapor. Journal 
of Physical and Chemical Reference Data 3, 211–219 (1974).
 81. Cygan, R. T., Liang, J. J. & Kalinichev, A. G. Molecular models of hydroxide, oxyhydroxide, and clay phases and the development of 
a general force field. J Phys Chem B 108, 1255–1266, doi:10.1021/jp0363287 (2004).
Acknowledgements
We acknowledge the financial support from the U.S. Department of Energy, Office of Basic Energy Sciences, 
under Contract No. DE-SC0006878 (Division of Chemical Sciences, Geosciences, and Biosciences), Geosciences 
Program. Additional financial support was provided by the A.P. Sloan Foundation via the Deep Carbon 
Observatory administered by the Carnegie Institution for Science. A.S. acknowledges financial support from the 
European Union via a Marie Curie Career Integration Grant.
www.nature.com/scientificreports/
1 2Scientific RepoRts | 7: 9021  | DOI:10.1038/s41598-017-09445-1
Author Contributions
C.H.T developed the methodology and algorithm. T.L. modified the code, performed all simulation and 
data analysis, wrote the draft of the manuscript, and prepared all figures. D.R.C. and A.S. helped with data 
interpretation and contributed part of the writing. All authors reviewed the manuscript.
Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-09445-1
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
